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A rich menagerie of structures is identified at 5 K following adsorption of low coverages (≤0.05 mono-
layers) of S on Cu(111) at room temperature. This paper emphasizes the reconstructions at the steps.
The A-type close-packed step has 1 row of S atoms along its lower edge, where S atoms occupy alter-
nating pseudo-fourfold-hollow (p4fh) sites. Additionally, there are 2 rows of S atoms of equal density
on the upper edge, bridging a row of extra Cu atoms, together creating an extended chain. The B-type
close-packed step exhibits an even more complex reconstruction, in which triangle-shaped groups of
Cu atoms shift out of their original sites and form a base for S adsorption at (mostly) 4fh sites. We
propose a mechanism by which these triangles could generate Cu–S complexes and short chains like
those observed on the terraces. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921258]
I. INTRODUCTION
Because of the low coordination of atoms at surface steps,
steps are important active sites in many surface processes, from
heterogeneous catalysis,1 to thin film growth,2 to oxidation.3
They often serve as a dynamic reservoir of atoms in cases
where the surface itself is a reactant. The signature of such
a reaction can be etching, recession, and/or faceting of the
steps. For example, Ruan et al. showed that sulfur-induced
reconstruction on Cu(111) is accompanied by step recession
at room temperature and concluded that Cu is incorporated
into the reconstructed phase.4
There is mounting evidence that metal atoms react with
sulfur or sulfur-containing molecules to form localized com-
plexes on surfaces of the coinage metals.5–7 (Molecules with
some other functional groups, such as cyano groups, can also
self-metallate on these surfaces.8,9) Sulfur on Cu(111) is one
such system. On Cu(111), Feibelman first proposed a Cu3S3
complex as an agent of mass transport on the basis of density
functional theory (DFT).10,11 It is a triangle of Cu atoms,
decorated by nearly coplanar S atoms at its edges. Its stability
was attributed to the fact that S is in pseudo-fourfold-hollow
(p4fh) sites, which are more favorable for S adsorption than the
three-fold hollow (3fh) sites present on the terraces. This is in
accord with a long-standing principle that high-coordination
sites, such as 4fh sites, stabilize adsorbed S and are created
in some S-induced reconstructions.10,12,13 Recently, we iden-
tified a different complex, heart-shaped Cu2S3, as the domi-
nant terrace species at very low sulfur coverage and very low
temperature (5 K), based on scanning tunneling microscopy
(STM) and DFT.14 We proposed that the Cu2S3 species owes
a)Author to whom correspondence should be addressed. Electronic mail:
hwalen@iastate.edu
b)Current address: Ulsan National Institute of Science and Technology, South
Korea.
its stability to the linearity of its S–Cu–S subunits, in addition
to the presence of one S adatom at a p4fh site.
There have been a number of other studies of S on
Cu(111).4,12,15–21 The work most relevant to the current study
is that of Wahlström et al.,20,21 who characterized this system
at temperatures down to 50 K and discovered a number of
low-temperature ordered phases. The lowest-coverage phase
was a (
√
43 × √43) R ± 7.5◦ (hereafter referred to as √43)
reconstruction with an ideal coverage of 0.27 monolayers
(ML) and a disordering temperature of 170 K. We recently
re-examined the structure of this phase and proposed a model
that is not related in any straightforward way either to bulk CuS
(the original model21) or to the Cu2S3 (or Cu3S3) complex.22
Additionally, Wahlström et al. observed pronounced triangular
features at some step edges.
In this paper, we find that sulfur induces complex
reconstructions of the steps, which we identify on the basis of
STM and DFT. The paper is organized as follows. Section
II provides experimental and computational details, Secs.
III and IV present experimental and computational results,
respectively, and Sec. V is a discussion of the results.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
A. Experimental description
All STM imaging was done at 5 K with a low-temperature
STM (LT-STM Omicron GmbH) in a UHV chamber with base
pressure below 2.5 × 10−11 Torr. Images were obtained using
a W tip. In an adjacent chamber, the Cu(111) sample was
cleaned. Each cleaning cycle consisted of several steps: (1)
heating the sample at 820 K for 5 min; (2) sputtering with Ar+
(12 µA, 2.0 kV) at 820 K for 10 min; (3) continuing to sputter
for 2 min while the sample cooled; and (4) flashing back
to 800 K without sputtering. Cleaning between experiments
0021-9606/2015/142(19)/194711/14/$30.00 142, 194711-1 ©2015 AIP Publishing LLC
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consisted of two to three such cycles. Sample temperatures
during cleaning were measured with an optical pyrometer,
for which the uncertainty was estimated as ±10 K, based on
variation of the reading with the emission angle.
The adjacent chamber also contained the sulfur source, a
solid-state electrochemical Ag|AgI|Ag2S|Pt cell.23 To generate
sulfur, the Pt cathode was biased at 0.20–0.25 V with respect to
the Ag anode and the cell was heated independently. The cell
temperature was recorded via a thermocouple located near,
but not in direct contact, with the chemical components of the
cell. The thermocouple reading corresponded to a temperature
of 160 ◦C during cell operation. Work by Detry et al. indicates
that these conditions of cell operation produce mainly S2
(gas).24 We verified the production of sulfur by measuring
a mass spectrum with the evaporator running and observing
peaks at mass-to-charge ratios of 32 and 64.
During sulfur deposition, the sample was held at room
temperature to ensure dissociative adsorption.25 The sample
was then transferred into the STM stage and cooled to the
imaging temperature, 5 K. Typical tunneling conditions were
−1.0 V to +1.0 V sample bias (VS) and 0.3–1.5 nA tunneling
current (I). We have carefully analyzed the way in which
topographic heights and widths of the terrace hearts depend
upon tunneling parameters within this range of voltages and
currents. There is no statistically significant trend. This,
plus our experience in imaging diverse features in other S
adsorption systems, leads us to conclude that there is no
significant effect of tunneling conditions (within this range)
on the step features either. Exact tunneling conditions for each
individual image can be found in the supplementary material.33
By scanning over the same region several times, we
determined that the structures were immobile and stable under
these experimental conditions. In all experiments, the sample
was first imaged at 5 K after sulfur deposition, and then it
was re-heated to room temperature and re-cooled for imaging.
This treatment had no effect on the observed structures or their
populations. The sample had the same azimuthal orientation
relative to the image frame in all experiments, so orientations
of features can be compared directly between all STM images,
with the exception of Figs. 13 and 14 where STM images have
been rotated to facilitate visual comparison with a model.
The STM piezoelectric calibration was checked by
measuring a, the atomic separation along close-packed direc-
tions [Fig. 1(a)], and by measuring step heights (not shown).
The former value was 0.250 ± 0.005 nm, and the latter was
0.19 ± 0.02 nm. Within the stated uncertainties, these equal the
bulk parameters of 0.255 nm and 0.208 nm, respectively. Thus,
the calibration was validated. Constant-current STM images
are referred to as topographic images. These are presented after
minimal correction—planning and flattening—using WSxM
software.26
Areal coverage was determined by using the flooding
function in WSxM software26 to determine the area of all
Cu–S species on the terraces and then dividing by the total
image area. Step edges were omitted from this calculation. The
areal coverages ranged from 0.010 to 0.125. We determined
an approximate absolute coverage by referring to previous
work by Wahlström et al., where islands of the Cu–S
√
43
reconstruction were reported to form at θS ∼ 0.05.20,21 This
FIG. 1. Features of the clean Cu(111) surface. (a) Atomically resolved STM
image, 2.0×2.0 nm2. (b) Close-packed directions. (c) Clean, 10×10 nm2. (d)
Clean step, 10×10 nm2.
occurred at our highest areal coverage of 0.125, so the absolute
coverage is roughly 2/5 the areal coverage. Applying this
constant to the rest of the areal coverage range, the range
of absolute S coverage (θS) is approximately 0.004 ML–0.050
ML, where θS = 1 (or a coverage of 1 ML) is defined as a ratio
of 1 S atom to 1 Cu atom in the Cu(111) plane.
B. Computational description
The computational approach has been described else-
where.14 Energetics are obtained by averaging calculations on
4-7 layer slabs of Cu(111) to minimize the impact of surface
states.27 Error bars in graphs, or numerical uncertainties in
parentheses, are derived from the range of values for different
slab thicknesses.27 Most of the results shown here used “high”
k-point grids corresponding approximately to (24 × 24 × 1)
for the primitive cell and have uncertainties of 5-8 meV.
Some results in the Appendix used a “low” k-points grid
corresponding to (12 × 12 × 1) for the primitive cell and have
higher uncertainties of 10-20 meV. Images with a periodic
arrangement are (2 × 2) or (3 × 2) representations of the
original supercells. All models of DFT configurations show the
energy-optimized atomic coordinates. In energy optimization,
the bottom layer of Cu in the slab was fixed at bulk positions
with theoretical bulk lattice constant, and all other atoms were
allowed to relax. STM images were simulated from DFT using
the Tersoff-Hamann28 method, which essentially generates the
electron isodensity contour surface at the Fermi edge.
III. EXPERIMENTAL RESULTS
A. Overview of features on terraces and steps
Figure 1(a) is an image of the clean Cu(111) surface
with atomic resolution. Consequently, close-packed crystallo-
graphic directions are identified in Fig. 1(b). Figures 1(c) and
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FIG. 2. STM topographic images in or-
der of increasing sulfur coverage, θS.
All images are 15×15 nm2.
1(d) are examples of step edges on the clean surface. The step
in Fig. 1(d) is nearly parallel to a close-packed direction and
hence is very smooth, while that in Fig. 1(c) lies between two
close-packed directions and is slightly rough, presumably due
to kinks.
Figure 2 shows Cu(111) terraces (top panels) and steps
(bottom panels), at θS = 0.004–0.050. At the lowest coverage,
the main features on the terraces are small, uniform bright
spots that are the heart-shaped Cu2S3 complexes discussed
elsewhere14 [Fig. 2(a)]. Close views and schematics of three
such complexes are shown in Figs. 3(a), 3(b), and 3(e). Even
at this low coverage, step edges are heavily decorated.
At θS = 0.016, short linear chains appear on the terraces,
resembling concatenations of hearts [Fig. 2(b)]. Two high-
magnification examples of linear chains, and corresponding
models, are shown in Figs. 3(c) and 3(d). The arrangements are
built from Cu2S3 complexes that condense by sharing S atoms.
Linear chains observed on the terraces tend to be short, only 2
to 5 units long; linear chains near steps can be much longer, up
to 23 units. The spacing between lobes (S atoms) in the middle
of the chain should be 2a = 0.51 nm, according to the models
of Figs. 3(c) and 3(d). This is exactly the value measured from
STM images, 0.51 ± 0.03 nm (for sample size N = 63).
By θS = 0.023, clump-like features also appear on the
terraces. Some consist of hearts or chains, as shown in
Fig. 3(e). In others, hearts or chains make only a minor
contribution, or are not identifiable at all, as in Fig. 3(f).
At θS = 0.030, terraces contain small fragments of the√
43 reconstruction, such as the individual dark spot encircled
by tendrils in Fig. 2(d). At θS = 0.050, clear islands of
√
43
appear, as shown in Fig. 2(e). The
√
43 is identified on the basis
of its honeycomb pattern of dark spots,20–22 together with its
unit cell length and orientation.
The observations of the Cu–S complexes and
√
43
reconstruction on the terraces help to define the conditions
under which the intricate step structures form.
B. STM examination of features at and near step
edges
1. Identification of A- and B-steps
On a fcc(111) surface, there are two types of close-packed
step edges, denoted A and B.29 The A-step consists of p4fh
sites, and the B-step consists of pseudo-threefold (p3fh) sites.
A- and B-steps are difficult to distinguish on the clean surface,
but we will show that they can be differentiated on Cu(111)
based on their response to S adsorption.
We begin with an experiment in which θS is so low that
there are no S-induced features on terraces, i.e., lower than
FIG. 3. Topographic STM images and proposed structures for Cu–S com-
plexes on Cu(111) terraces. All images are 4.0×4.0 nm2. Insets show
schematics of proposed configurations, with Cu atoms in the complex rep-
resented by white circles, S atoms by yellow, and Cu atoms in the substrate
by grey. (a) and (b) 1-unit heart. (c) 2-unit linear chain of hearts. (d) 3-unit
linear chain of hearts. (e) Two aligned 2-unit chains plus a heart. (f) Clump.
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FIG. 4. Topographic STM images of A-type and B-type steps at θS < 0.004
ML. Both images are 10×10 nm2. (a) A-type edge. Lower inset: Line profile
across the step corresponding to the path indicated by the arrow. The x- and
y-axes are in units of nm. Upper inset: Orientation of A- and B-steps in these
experiments. The white hexagon represents an upper terrace. (b) B-type step
with profile as described in (a).
the lowest θS in Fig. 2. Under these conditions, it is likely
that the steps are sub-saturated. In Fig. 4(a), a step is smoothly
decorated by a row of protrusions separated by 0.52 ± 0.02 nm,
which we assign as S atoms at alternating sites along an A-
step. This is very similar to our previous STM observation
of S-decorated steps on a different surface, Ag(111)—cf. Fig.
3A of Ref. 30. In contrast, the step in Fig. 4(b), at 60◦, is
slightly irregular but not obviously decorated—and similar to
the clean step in Fig. 1(d). We assign this as a nearly clean
B-step.
The difference between A- and B-steps becomes more
pronounced at higher θS, as shown in Figs. 5 and 6. Steps
oriented close to the 3 A-directions are still smooth, while steps
at other orientations display the jagged, triangular features first
reported by Wahlström et al.21 We now examine the structures
around steps more closely.
2. Structure around A-steps
The A-steps are characterized by a row of alternating S
atoms at the edge, and a bright, linear feature that lies atop the
upper terrace parallel to and near the step. Close inspection
reveals that the linear feature resembles a terrace chain.
Quantitatively, the full-width at half-maximum (FWHM) of
the bright linear feature is the same as the FWHM of the terrace
chains, 0.56 ± 0.02 nm. It is significantly wider than single
atoms of S which we have imaged on other surfaces [Au(100),
Au(111), Au(110)] under the same conditions. For those cases,
the atomic FWHM ranges from 0.29 to 0.38 nm. Furthermore,
the bright feature has a distinctive zig-zag appearance in the
differentiated STM images, and this also resembles the chains
on the terraces. Examples and a schematic of the structure
of the A-steps and the adjacent features are shown in Fig. 5.
This model is supported by the DFT calculations presented in
Sec. IV.
In addition, other chains are often found in the vicinity
of A-steps, both on the upper and the lower terrace. Their
lengths are skewed toward longer values than on terraces.
Their locations and orientations, relative to the step edge, can
vary. In short, the A-steps are rich in chains.
3. Structure around B-steps
Steps oriented close to the three B directions are lined with
triangular features, which were first reported by Wahlström
et al.21 High-magnification images are shown in Fig. 6,
together with two schematic interpretations that are consistent
with the DFT analysis developed in Sec. IV. Here, we
summarize the distinctive features of the triangles, which are
illustrated in Figs. 6(c) and 6(d).
(i) A slightly curved row of dots always defines the outer
edge of a triangle, which is the edge facing the lower terrace—
see green line in Fig. 6(c). These dots are spaced by 2a, the
measured value being 0.51 ± 0.02 nm (N = 16).
(ii) The inner edges of a triangle—the edges bordering the
upper terrace as outlined in red in Fig. 6(c)—are also decorated
by dots, separated by 2a.
(iii) The features in the middle of the triangle depend on
size. The smallest triangles are about 2.0-2.2 nm on each
interior edge, and they contain a single dot in the center.
Together with the dots mentioned in (i) and (ii), this feature
completes a local (2 × 2)-like pattern. The central dot is often
slightly larger and higher than the dots at the edge. For larger
FIG. 5. STM images of A-steps with
adsorbed sulfur, at high magnification.
Each vertical pair shows the same data,
but the top panel is topographic and the
bottom is differentiated. (a) θS= 0.004,
15×15 nm2. The inset shows the line
profile across the step along the path
shown by the arrow, with x- and y-
axis units of nm. (b) θS= 0.016, 15
×15 nm2. (c) θS= 0.016, 3.0×3.5 nm2.
(d) Schematic model of (c), at approxi-
mately same scale. Grey circles repre-
sent Cu atoms at the level of the lower
terrace, white circles are Cu atoms at
the level of the upper terrace, and blue
circles are Cu atoms adsorbed on top
of the upper terrace. S atoms are small
yellow circles.
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FIG. 6. STM images of B-step edges
with adsorbed sulfur, at high magnifica-
tion. Each vertical pair shows the same
data, but the top image is topographic
and the lower image is differentiated.
(a) θS= 0.016, 15×15 nm2. (b) θS
= 0.016, 15×15 nm2. (c) Small triangle.
θS= 0.023, 4.0×3.5 nm2. (d) Large tri-
angle. θS= 0.023, 3.5×4.5 nm2. In (c)
and (d), the lowest panel is a schematic
of a possible atomic structure, drawn
to approximately the same scale as the
STM images. The symbols and colors
have the same meaning as in Fig. 5(d).
Additionally, in (c), red lines show the
triangle’s inner edges, and the green line
shows its outer edge.
triangles, with interior edges 2.9-3.0 nm, the interior region
sometimes contains a larger (2 × 2)-like pattern, but more
often, it is a diffuse elevated area with about the same apparent
height as the upper terrace.
(iv) The inner edges of the triangle are aligned with A-
steps.
(v) Immediately adjacent to the inner edges of the
triangle, on the upper terrace, there are features with the height
and appearance of chains. These are either oriented parallel
to, or 60◦ from, the step edge.
Features (ii), (iv), and (v) above show that the orientations
and features of the inner edges of the triangle bear a
resemblance to the A-steps. Thus, it would be easy to conclude
FIG. 7. Chemical potential (adsorption energy) of adsorbed S vs. θS, cal-
culated from DFT. Green symbols show (n × n) supercells, blue show
(n
√
3×n√3)R30◦ supercells, yellow shows a (√7×√7)R19◦, and purple show
honeycomb (hexagonal) supercells in which there are 2 adatoms per unit cell,
both occupying fcc sites.
that these are facets toward A-steps, as we did at an earlier
stage in our analysis of this system.14 However, the situation
is more complex, as will be discussed in Sec. IV.
In addition, B-steps commonly have a high density of
miscellaneous extended chains in the near vicinity, both on
the upper and lower terraces. This can be seen in Figs. 6(a)
and 6(b). Again, this is similar to the A-steps. There is no
obvious difference between A- and B-steps in the density of
these miscellaneous chains.
IV. DFT ANALYSIS OF FEATURES AT AND NEAR STEP
EDGES
A. Benchmark: Sulfur adsorbed on terraces
In the following analysis, a useful quantity is the chemical
potential of S, µS, incorporated into a CumSn complex,
µS(CumSn), which is defined as
µS (CumSn)
= [E(CumSn + slab) − E(slab) −m µCu]/n − E(S2,g)/2.
(1)
The chemical potential of Cu, µCu, is the average energy of
a Cu atom in the bulk. Note that µS reduces to the (average)
adsorption energy of S for structures that do not incorporate
additional Cu adatoms, i.e., for m= 0. This quantity, µS, allows
us to assess the relative stability of various complexes in the
presence of excess S beyond that required to saturate step
edges.
Figure 7 shows µS(S) as a function of θS on the
Cu(111) terrace, calculated from DFT. As supercell size
decreases, θS increases. Three sets of calculations, based on
3 types of supercells, are represented. Green symbols show
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TABLE I. Chemical potential (adsorption energy, in eV) of a single row of
adsorbed S on an A-step and a B-step with different supercells and island
widths. B1 is a structure with S on the upper edge of a B-step. Configurations
for the (2×8) are shown in Fig. 8.
µS(S) 2×4 2×6 2×8 2×10
A-step −2.27(1) −2.227(6) −2.240(4)
B-step −2.20(1) −2.15(2) −2.13(1) −2.14(1)
B1 −2.16(2) −2.08(1) −2.11(1) −2.11(1)
(n × n) supercells, blue show (n√3 × n√3)R30◦ supercells,
yellow shows a (
√
7 × √7)R19◦, and purple show honeycomb
(hexagonal) supercells in which there are 2 adatoms per unit
cell, both occupying fcc sites. At low θS, µS(S) depends
sensitively on the nature of the supercell. The (n × n)
calculations show high scatter and large error bars at low
coverage, so are regarded as least reliable. The points below
0.070 ML cluster around −1.90 to −1.92 eV, which leads to
our choice of −1.91 eV as the low-coverage limit for µS(S).
B. Extended structures at step edges
For extended structures that run along the step edges,
we carry out DFT calculations using (2 × 2n) supercells,
since most of the structures of interest are assumed to have
periodicity of 2a along the step edge. In practice, we choose
the primitive cell for this set of calculations as a rectangular
(1 ×√3), because k-points’ grids for asymmetrical supercells
are easier to implement with a rectangular lattice than with a
triangular lattice. The most important DFT results for the step
edges are shown in this section; other related DFT results are
given in the Appendix. For purposes of comparison between
STM data and DFT results, we consider that the step edges
at θS ≥ 0.004 are locally saturated, since the features in the
immediate vicinity of the steps (e.g., the chain atop the A-step)
do not change in this coverage range.
We first consider configurations with a single row of S
atoms at a step edge (represented as the edge of a 4 Cu atom
wide strip in the first layer). Table I shows the results for
supercells of size (2 × 2n), where we put a (2 × n) island of
Cu adatoms on top of the slab. Figure 8 illustrates the (2 × 8)
supercell configurations.
In Table I, note first that all values of µS(S) are lower than
the −1.91 eV for S on fcc sites, so adsorption of S at steps is
more favorable than at terraces. Comparing A- and B-steps,
µS(S) is always more negative at the A-step than at the B-step,
consistent with the interpretation of Fig. 4. Finally, comparing
upper and lower step edges, µS(S) is consistently lower when
S adsorbs at the lower step edge than at the upper step edge,
where the latter is represented by configuration B1.
We next consider 2 rows of S attaching to a step edge
(now represented as the edge of a 5 atom wide strip in the
first layer). Some configurations are shown in Fig. 9. For the
A-step ((a)-(c)), we find that the most stable configuration has
the Cu atoms in the outermost row of the step shifting and
forming a pseudo (100) surface, which can be viewed as an
extended step edge reconstruction [see Fig. 9(c)]. For a B-step
((d) and (e)), the most stable configuration has the upper row
of S atoms adsorbed on the unreconstructed step edge at fcc
sites [see Fig. 9(d)].
Can more S aggregate at an A-step? Figures 10(a)-10(c)
show 3 configurations with 3 rows of S close to an A-step.
Figure 10(a) does not have any additional Cu atoms beyond
the 5 atom wide strip in the first layer also shown in Fig. 9,
but the 2 outermost rows of Cu reconstruct forming a pseudo
(100) surface. Figures 10(b) and 10(c) are very similar. Both
have 2 extra second-layer Cu atoms in each supercell (in
addition to the 10 Cu atoms per unit cell that form the 5-
atom wide strip). Together with the 2 S atoms on top of the
island, the extra Cu atoms form a one-atom row of Cu with
S on either side, i.e., a zigzag S–Cu–S chain. The difference
between Figs. 10(b) and 10(c) is the distance between the
chain and the step edge, with (c) being closer. With a 5-atom
wide island, we find the configuration in Fig. 10(c) to be
the most stable, involving 3 rows of S around an A-step.
(It is interesting to note that Cu atoms in the chain actually
are closer to bridge sites than to either of the two 3fh (fcc
or hcp) sites.) This structure is entirely consistent with the
interpretation of the STM images of the A-step at θS ≥ 0.004
given in Sec. III [Fig. 5], which are based largely on empirical
observation. Thus, the configuration in Fig. 10(c) is confirmed
experimentally.
Based on DFT, there is a possibility that the A-step in
the STM image in Fig. 4(a) is a 2-row decoration of S, rather
than the 1-row interpretation given elsewhere in this paper.
In support of this, the circular shape of the dots in the STM
data is much better-matched in the simulated image for the
double-row model [Fig. 9(c)] than the 1-row model [Fig. 8(a)].
However, the dot is predicted to be higher (brighter) than the
Cu terrace in the double-row model, whereas in experiment,
FIG. 8. Optimized DFT configurations
and simulated STM images of a single-
row of S attaching to the A- or B-step,
for a (2×8) supercell. Chemical poten-
tials are given in Table I. Symbols and
colors in the configurations have the
same meaning as in Fig. 5(d).
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.40 On: Wed, 24 Jun 2015 19:44:51
194711-7 Walen et al. J. Chem. Phys. 142, 194711 (2015)
FIG. 9. Optimized DFT configurations,
simulated STM images, and chemical
potentials of S for various 2-row con-
figurations of S at A-steps ((a)-(c)) and
at B-steps ((d) and (e)), for (2×8) su-
percells. The chemical potential here is
the average adsorption energy of S in
the two different environments. Sym-
bols and colors in the configurations
have the same meaning as in Fig. 5(d).
the dot is always below the level of the upper terrace [see line
profile in Fig. 4(a)]. At present, we cannot decide between
these two possibilities. In principle, they are not mutually
exclusive, since there should be a transition from 1- to 2- to
3-row S structures at the A-steps as θS increases. In either
case, the A-step is sub-saturated.
Turning now to the B-step, Figs. 10(d)-10(f) show 3
configurations with 3 rows of S. In Fig. 10(d), the upper terrace
FIG. 10. Optimized DFT configura-
tions, simulated STM images, and cal-
culated chemical potentials of S for
three rows of S near the A-steps ((a)-
(c)) and near the B-steps ((d)-(f)). In (b),
(c), and (f), the blue circles represent
an additional row of Cu on the upper
terrace. This, combined with two of the
three S rows, forms a S–Cu–S chain on
the upper terrace. Symbols and colors in
the configurations have the same mean-
ing as in Fig. 5(d).
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FIG. 11. Chemical potential of S decorating A-type (red) and B-type (blue)
steps with increasing coverage of sulfur at the step edge, calculated from DFT.
S atoms are all on fcc sites. Figure 10(e) has the outmost row
of Cu shifted to form a pseudo (100) surface. Figure 10(f) has
2 additional Cu atoms per supercell, forming a zigzag S–Cu–S
chain. However, as we show in Sec. IV C, the B-step is prone to
massive rearrangement at high local θS and extended structures
such as these are not expected to exist.
Figure 11 and Table II summarize DFT results from this
section, showing µS(S) as a function of S coverage at the
step edge. Based on the energetics, at an A-step, one expects a
transition from 1- to 2- to 3-row S structures with increasing θS.
The same expectation would in principle apply to the B-step,
except that the B-step is unstable against massive distortion
with increasing θS, as will be discussed in Sec. IV C. In all
cases, µS(S) is lower at a step than on a terrace, for which
µS(S) = −1.91 eV. This is consistent with the experimental
observations of heavy step decoration [Figs. 2, 5, and 6] at all
except the very lowest θS, where the steps are sub-saturated
[i.e., in Fig. 4].
C. Triangular features on B-steps
When θS at a B-step increases above a single row, DFT
calculations show that distortions of the simple extended
structures studied in Sec. IV B can lower the energy. Figure 12
provides two examples where the starting point is a partial (a)
or complete (b) double extended row of S atoms. Figure 12(a)
shows that for a pair of S atoms at the upper step edge separated
by 2a, the energy of the system is reduced if three Cu atoms
between the S pairs move down from original fcc sites to
nearby hcp sites, thus forming two local 4fh sites [denoted
by red circles in Fig. 12(a)] where the pair of S atoms can
reside. The lower panel shows a similar distortion at higher
TABLE II. Chemical potentials of S, in eV, for most favorable configurations
of 1-, 2-, and 3-row S at A- and B-steps of Cu(111).
1-row S 2-row S 3-row S
A-step −2.24 −2.14 −2.01 (With chain)
B-step −2.11 −2.08 n/a
θS, but involving more Cu atoms and producing local 4fh sites
that are further apart. Interestingly, these distortions produce
interlocking wedge-shaped regions in the step edge, which
can be described as areas where the Cu atoms remain in their
original fcc sites, alternating with complementary areas where
all Cu atoms are shifted away from original fcc sites.
It is natural to extend the picture to larger distortions so
that more 4fh sites are formed. Figure 13(a) shows the structure
obtained from DFT using a 3-layer slab with a (9 × 9) supercell
(with single k-point). A triangular array of 26 Cu atoms is
shifted from fcc sites to hcp sites, forming a domain boundary
of 4fh sites. (Not all Cu atoms in the triangle are in hcp sites;
4 Cu atoms at the bottom are in fcc sites.) Altogether, they
can accommodate 8 S adatoms on 4fh sites. A 9th S atom is
adsorbed on a 3fh site in the center.
The accompanying STM simulation in Fig. 13(b) shows a
triangular area with 8 spots at almost the same height as the Cu
island. The 9th spot in the center is slightly brighter. [Terms
used to describe the STM images are defined in Fig. 13(c).]
This simulation is in excellent agreement with the measured
STM images of small triangles at B-steps, which can be
confirmed by comparing the following aspects of Figs. 13(b)
and 13(d): (i) a distinctive, slightly curved row of 4 dots at
the outer edge of the triangle (S atoms in 4fh sites); (ii) 4
additional dots along the inner edges of the triangle (S atoms
in 4fh sites); (iii) a central dot slightly larger and higher than
the dots at the edges (S atom in 3fh site); (iv) arrangement of
the 9 dots together in a (2 × 2)-like pattern; and (v) interior
edges of the triangles parallel to A-steps. We therefore assign
small triangles in the B-steps to this structure.
We have extended the calculation to an even larger
configuration based on a (12 × 12) supercell, L = 3, and a
single k-point grid. The energy-optimized configuration is
shown in Fig. 14(a) and its corresponding STM simulation
in Fig. 14(b). This time there are 5 dots along the curved
outer edge and 6 dots along the inner edges of the triangle, all
corresponding to S atoms in 4fh sites. In addition, the model
has 3 central S atoms in 3fh sites. Altogether, in the model,
there are 14 S atoms arranged in a (2 × 2)-like array within the
triangle. All of these features, including the internal (2 × 2)-
like lattice with 3 central dots slightly brighter and larger than
the others, are observed experimentally, for instance, in the
topographic image of Fig. 6(d).
However, the experimental image in Fig. 14(c) shows a
heart-shaped feature near the center of the triangle, rather than
a (2 × 2)-like array. To mimic this feature, 2 additional Cu
adatoms are inserted [blue circles in Fig. 14(a)] in the space
between 3 S atoms, above the layer of displaced Cu atoms.
This results in a Cu2S3 complex that, in turn, produces a heart
shape in the simulated image of Fig. 14(b). This gives a clue
as to how and why the interiors of the large triangles are often
elevated, or “filled in” in the experimental images: the interiors
become populated with second-layer Cu adatoms in addition
to S adatoms.
V. DISCUSSION
Our experimental results, interpretation of which is
supported and enhanced by DFT analysis, reveal a variety
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FIG. 12. Distortion induced by adsorption of S on B-
steps. Symbols and colors in these DFT-optimized con-
figurations have the same meaning as in Fig. 5(d).
of S-induced structures at step edges, in addition to those
on terraces. Two of these are particularly intricate and
unanticipated.
The first is the 3-row S structure at the A-steps, shown in
Figs. 5(d) and 10(c). One row of S is at the lower step edge,
and two S rows exist as part of a zig-zag S–Cu–S chain which
involves an extra row of Cu in the second layer at the upper
step edge. Cu adatoms in the chain do not occupy normal
fcc sites, but they do provide high-coordination sites for S
adatoms on both sides. The result is that S adatoms in all 3 S
rows occupy p4fh sites.
FIG. 13. Model for the small triangular features along a B step. (a) Optimized
configuration from DFT. The majority of the Cu adatoms inside the outlined
triangle are on hcp sites, forming 8 4fh sites, each occupied by a S atom.
One extra S atom in the middle of the triangle is on a 3fh site. Symbols and
colors have the same meaning as in Fig. 5(d). (b) Simulated STM image. (c)
Schematic, clarifying terms used in the discussion of the STM images. (d)
Actual topographic STM image of a small triangle [the same as Fig. 6(c)],
4.0×3.5 nm2. The experimental image is manipulated to be about the same
size and orientation as a triangle in the simulated image.
The adsorption of Cu adatoms in near-bridge adsorption
sites in the upper chain, resulting from global energy optimi-
zation in DFT, suggests that the energy penalty for moving Cu
away from the natural 3fh fcc adsorption site is offset by the
energy gain from Cu–S bonding. This is consistent with the
conclusion from our previous study of Cu2S3 on terraces.14 The
dominant feature in those complexes is strong Cu–S bonding,
both within the complex (which favors linear S–Cu–S units)
and between S atoms in the complex and Cu atoms in the
substrate (which favors high-coordination adsorption sites for
S). Cu–Cu bonding between the complex and the substrate is
FIG. 14. Model for the large triangular features along a B-step. In this
particular case, a Cu2S3 complex resides in the middle of the triangle. (a) Op-
timized configuration. Cu atoms in the Cu2S3 complex are in blue (on-line).
(b) Simulated STM image. (c) and (d) Actual topographic and differentiated
STM image of a large triangle (similar to Fig. 6(d), but a different triangle),
4.0×4.5 nm2. The experimental image is manipulated to be the same size
and orientation as a triangle in the simulated image.
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of lesser importance, so the favored adsorption site of Cu is
sacrificed.
The second is the triangle motif at B-steps, shown
in Figs. 6(c), 6(d), 13(a), and 14(a). The triangles are
reconstructions in which a group of Cu atoms moves out
of their original fcc sites toward the lower terrace, forming
a less-dense network and providing 4fh sites for most of
the S adatoms. When a triangle is large enough, its inner
area can fill in with additional, upper-level Cu atoms, but the
interior edges are always preserved. At the upper level of
interior edges, zig-zag S–Cu–S chains can usually be found
that are very similar to the A-step upper-level chains. Excellent
agreement is obtained between the DFT-based STM images
of this complex structure and the experimental STM images.
In particular, two distinctive details are reproduced: the slight
curvature in the row of dots (S atoms in 4fh sites) at the external
edge of the triangle and the enhanced brightness of the dots
(S atoms in 3fh sites) in the center of the triangle relative to
those at the edges.
Thus, both structures can be understood as step recon-
structions that create (p)4fh sites for S adsorption, at the
expense of Cu registry, while also incorporating features
(chains) that reflect the importance of the S–Cu–S subunit.
The features in our experiments are completely static
at 5 K. Our data do not provide information about thermal
stability. However, Wahlström et al. observed well-defined
triangles, with edge lengths comparable to those in our
experiments, at 300 K—cf. Fig. 1 of Ref. 20—along steps
aligned with 3 of the close-packed directions, i.e., B-steps.
They reported that the triangles changed in both size and
position, although this was sensitive to tunneling conditions
and hence likely to have been tip-assisted. It is not clear
whether chains on upper levels (or elsewhere) were present,
but at least, one can conclude from their data that the main
bodies of the triangles on B-steps are stable at 300 K. Oriented
at 180◦, another step was imaged that would necessarily have
been an A-step. It was frizzy and much different than our
A-steps at 5 K. The frizziness reflects atomic motion on the
time-scale of scanning and has been well-documented for
clean surfaces of Cu(111).31 Even though the step structure
is dynamic, it is possible that S continues to influence motion
along the A-steps, as we demonstrated to be true for sulfur
on Ag(111).32 But the main conclusion derived from this
comparison is that the static 3-row S structure of the A-step is
not retained at 300 K.
We noted in Sec. III that “miscellaneous” chains are
commonly found around step edges. They are more abundant
around steps than on terraces and also longer on average. This
implies that step edges participate in generating the terrace
complexes. One possible mechanism involves the triangles
at B-steps. The outer edge of the triangle is bounded by Cu
atoms [cf. Fig. 13(a) or 14(a)]. Addition of S atoms at the outer
edge could destabilize the structure, whereupon a Cu–S chain
parallel to the step edge could peel off and diffuse out onto
the terrace, and the triangle would adjust accordingly. This
hypothesis is consistent with the fact that a separate chain is
sometimes observed adjacent and parallel to the outer edge
of a triangle. A clear example is Fig. 6(d). Another possible
way of generating chains on terraces could be movement of
chains at the upper step edges away from the steps. This
finds support in the observation that there are sometimes two
or three chains decorating upper A-steps or upper edges of
triangles on B-steps, as if chains are generated successively
at these upper edges. There may be other mechanisms as well
by which chains/hearts on terraces are generated, depending
on temperature, θS, and step density. The relationship between
the steps and the complexes on terraces is a topic of continuing
investigation.
Finally, we can compare this study of S/Cu(111) with
a prior study of S/Ag(111) under identical conditions.30 At
very low θS and at 5 K, S–Ag complexes existed on Ag(111)
terraces, both in the form of individual units and concatenated
chains. The steps were modified by S adsorption. Some
evidence suggested that the steps participated in forming the
complexes. In these respects, the observations for the two
close-packed coinage metal surfaces are analogous. However,
the structures proposed for the terrace complexes on Ag(111)
were quite different, and triangles were not observed on
S/Ag(111) step edges.30
VI. CONCLUSIONS
We have identified the reconstructions of A- and B-steps
on Cu(111) that exist at low θS and low T. In both cases, S
can adsorb at (p)4fh sites. This is different than the structural
motifs of Cu–S moieties on terraces at these coverages, which
may be due to the higher local θS at the step edges than
at the terraces. Based on comparison with other published
work, one of these reconstructions is stable to (at least)
room temperature.20 A mechanism is postulated by which the
reconstructed steps could produce Cu–S chains on terraces.
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APPENDIX: ADDITIONAL STRUCTURES STUDIED
WITH DFT
Other structures of interest that have been studied with
DFT, but not discussed in the main text, are included in this
supplementary material.33
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FIG. 15. Structures, simulated STM
images, and chemical potentials for var-
ious 1-row configurations of S at step
edges. The A-step is the upper edge
of the Cu island, and the B-step is the
lower edge.
FIG. 16. Structures, simulated STM
images, and chemical potentials for var-
ious 2-row configurations of S at step
edges. The A-step is the upper edge
of the Cu island, and the B-step is the
lower edge.
FIG. 17. Additional 3-row S configu-
rations. The A-step is the upper edge
of the Cu island, and the B-step is the
lower edge.
FIG. 18. Similar to Fig. 16, but with
vacancies introduced near the step edge.
The A-step is the upper edge of the Cu
island, and the B-step is the lower edge.
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.40 On: Wed, 24 Jun 2015 19:44:51
194711-12 Walen et al. J. Chem. Phys. 142, 194711 (2015)
FIG. 19. Comparison of chemical po-
tential of 2-row S configurations with
and without vacancies. Note that for this
figure, µS quoted is only for upper edge
S.
1. Additional 1-, 2-, and 3-row configurations
Figure 15 shows some additional examples of 1-row
configurations of S at step edges. Figure 15(a) has the S at
a fcc site at the upper A-step edge, and (b) has the leading
edge Cu atom shifted outward to an hcp site, forming 4fh sites
occupied by S, while (c) has a similar arrangement as (b) but
at the B-step.
Figure 16 shows additional 2-row configurations. Figure
16(a) is similar to the 2-row structure shown in the main text at
an A-step (Fig. 9), but with the S at the upper step edge at a fcc
site, rather than a hcp site, so it is not exactly between the two
lower edge S atoms. Figure 16(b) is analogous to (a) but at the
B-step. Here, the Cu atoms shift slightly away from fcc sites,
creating low-symmetry sites for S. Figure 16(c) starts from a
reconstructed step edge similar to (b), but with the outermost
Cu further away from the step. The optimized structure has
the outermost row of Cu moving even further away from the
step edge and forming a separated Cu–S zigzag chain.
Figure 17 shows additional 3-row S configurations at step
edges. Figure 17(a) has the second row S at hcp sites, and the
third row S at fcc sites, at an A-step. Figures 17(b) and 17(c)
involve A-step edge reconstruction and are subtly different
from the reconstructed A-step edge mentioned in the text (Fig.
10). Figure 17(b) has the second and the fourth row shifted,
while (c) has only the first row shifted. In comparison, the
reconstruction mentioned in the main text has the second row
shifted. (d) has the third row pushed towards the second row,
thus forming an overly saturated row. (e) is similar to (a), but
with third row shifted to fcc sites further away from the step
edge. Note that it is slightly more stable than (a), indicating
there is no driving force for a third row of S to move very close
to step edges in these arrangements. Finally, (f) is similar to
(e) but on a B-step.
2. Step structures incorporating Cu vacancies
Next, we focus on possibilities that a step can be stabilized
by the introduction of vacancies. Figure 18 shows some
examples with vacancies near the step edge and 2-row S
decoration. In all calculations involving step edges, the clean
slab has an existing island. The chemical potential thus
calculated does not include the energy cost of forming the
step edges but does include the energy cost of forming the
vacancies. As shown in these calculations, it is easier to extract
a Cu atom not bonded with any S, than to extract a Cu atom
bonded with a S, and then let the S fall down into the vacancy.
Overall, for the configurations tested, the chemical potentials
indicate that vacancies do not stabilize steps.
One can calculate the formation energy of the vacancy
using E f = n(µvS − µ0S), where n = 2 is the number of S atoms,
and µv(0)S is the chemical potential of S with (without) the
vacancy. For Figs. 18(a) and 18(c), E f = 0.33 and 0.31 eV,
respectively. This is much lower than the formation energy of
a vacancy on a clean Cu(111) surface, estimated to be 0.78 eV
from DFT.27
We also consider some partial 2-row S configurations
with vacancies at B steps and compare them with similar
configurations without any vacancy. This is shown in Fig. 19.
Based on the chemical potentials, we conclude that vacancies
do not stabilize steps in this range of configurations, either.
FIG. 20. Change in energy by peeling out a row of Cu
together with S on a S-decorated B-step.
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FIG. 21. Selected structures and their simulated STM images for triangular features calculated in a (8×8) supercell.
The configuration with lowest formation energy for a vacancy
is in Fig. 19(f), where E f = 0.33 eV.
3. Alternative formation mechanism for Cu–S chains
Figure 20 shows the change in energy by moving two Cu
atoms at the B-step away from the step in an attempt to peel
off a Cu–S chain from the S decorated B-step. The positive
sign of ∆ E shows that the configuration on the right is only
metastable.
4. Other configurations for the B-type triangular
structure
Figure 21 shows samples of other triangular structures that
were investigated as part of the effort to interpret the triangular
features seen at B-steps in experimental STM images. Most
of them are not carried out to sufficient length to have reliable
energetics. Based on a combination of approximate energetics
and agreement with experimental STM images, we discard
these structures in favor of the structure presented in the main
text.
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